Lactose permease of Escherichia coli (LacY) with a single-Cys residue in place of A122 (helix IV) transports galactopyranosides and is specifically inactivated by methanethiosulfonyl-galactopyranosides (MTS-gal), which behave as unique suicide substrates. In order to study the mechanism of inactivation more precisely, we solved the structure of single-Cys122 LacY in complex with covalently bound MTS-gal. This structure exhibits an inward-facing conformation similar to that observed previously with a slight narrowing of the cytoplasmic cavity. MTS-gal is bound covalently, forming a disulfide bond with C122 and positioned between R144 and W151. E269, a residue essential for binding, coordinates the C-4 hydroxyl of the galactopyranoside moiety. The location of the sugar is in accord with many biochemical studies.
T he Major Facilitator Superfamily (MFS) is one of the largest and most diverse families of membrane transporters with members from Archae to Homo sapiens that utilize uniport, symport, or antiport mechanisms to transport a broad range of substrates across membranes (1) . Most members of the family have 12 to 14 transmembrane segments and catalyze transport by an alternating access mechanism (1-3). The lactose permease of Escherichia coli (LacY) is the most intensively studied representative of the MFS and embodies a paradigm for understanding general transport mechanisms throughout the superfamily.
LacY catalyzes a symport reaction-the coupled translocation of a H þ and a galactopyranoside (galactoside∕H þ symport). Because translocation is obligatorily coupled, sugar accumulation against a concentration gradient is achieved by using the free energy released from the downhill movement of H þ with the electrochemical H þ gradient (Δμ H þ ; interior negative and/or alkaline). Conversely, downhill sugar translocation by LacY drives uphill translocation of H þ with the generation of Δμ H þ , the polarity of which depends on the direction of the sugar concentration gradient (4) .
Several crystal structures of LacY have been resolved, from both a conformationally restricted mutant C154G (5, 6 ) and the wild-type protein (7) , all of which exhibit the same overall architecture. The protein is composed of 12 transmembrane helices organized in two pseudosymmetrical six α-helical bundles surrounding a large hydrophilic cavity open solely to the cytoplasm representing an inward-facing conformation. The sugar-binding site and the residues involved in H þ translocation are near the apex of the cavity, approximately in the middle of the molecule. For the most part, residues involved in sugar recognition are confined to the N-terminal bundle, while those important for H þ translocation are located in the C-terminal bundle. Systematic mutagenesis of each residue in LacY has identified less than 10 irreplaceable residues absolutely required for lactose∕H þ symport. E126 (helix IV) and R144 (helix V) are essential for substrate recognition and binding, while R302 (helix IX), H322 (helix X), and E325 (helix X) are critical for H þ translocation. E269 appears to play roles in both sugar recognition and H þ translocation. It is also notable that an aromatic side chain at position 151 (helix V), preferably Trp, is a requirement for sugar binding (4) .
LacY is selective for a number of disaccharides containing D-galactopyranosyl rings, as well as for D-galactose, but it has no affinity for D-glucose nor for D-glucopyranosides (4) . Specificity is directed toward the galactopyranosyl moiety of the substrate, and the C-4 hydroxyl is by far the most important determinant for specificity. In this regard, it has been shown that D-galactose is the most specific substrate for LacY, although it has very low affinity (4) .
In order to study the role of individual side chains in the symport mechanism, Cys-scanning mutagenesis was developed (8) and used to study activity as well as accessibility and/or reactivity with alkylating reagents (9) . In this regard, the mutant with a single Cys in place of A122 has provided important insight into sugar binding (10): (i) Alkylation of single-Cys148, which is close to the sugar-binding site, with N-ethylmaleimide (NEM) abolishes lactose binding and transport in a manner that is blocked by lactose, melibiose, or β-D-galactopyranosyl-1-thio-β-D-galactopyranoside (TDG). (ii) Alkylation of C122 by NEM is blocked by the same sugars. These results suggest that position 122 is also in close proximity to the sugar-binding site (10) . (iii) Galactose transport is unaffected by alkylation of C122 with NEM, and the monosaccharide affords no protection against inactivation of lactose transport or C122 labeling with NEM. (iv) LacY can be converted to a galactose-specific symporter by replacing A122 with Phe or Tyr, indicating that a bulky residue at position 122 inactivates disaccharide binding and transport and demonstrating that position 122 is in close proximity to the nongalactopyranosyl moiety of the disaccharide ligands. (v) Single-Cys122 LacY is selectively inactivated by MTS-galactoside (MTS-gal) derivatives, which contain MTS at the end of linkers placed on the anomeric carbon of galactopyranoside (e.g., Fig. 1A ). In the presence of Δμ H þ (interior negative), MTS-gal derivatives specifically inactivate LacY, with an approximately 50-fold increase in the rate of inactivation; nonspecific labeling with the corresponding MTS-glucose derivatives is unaffected (11) . Taken as a whole, the results show clearly that the nongalactopyranosyl moiety of disaccharide substrates of LacY abuts position 122. It also seems likely that the MTS-gal derivatives in the β-D configuration do not react with C122 with maximum effectiveness upon binding per se, but at a subsequent step in the overall transport mechanism (11) .
To gain insight into affinity inactivation of LacY and specific sugar recognition, we solved the crystal structure of singlecys122 in complex with the suicide substrate, MTS-gal. The new structure is in a slightly different inward-facing conformation, with the galactopyranosyl moiety sandwiched between W151 and R144. The interactions of the affinity inactivator differ from those previously observed for TDG (5) . The physiological nature of the inactivator-LacY complex with respect to the transport mechanism will be discussed.
Results
Detection of MTS-gal Modification. To confirm complete labeling of single-Cys122 LacY with MTS-gal, a UV-fluorescent dye that specifically targets free Cys residues [tetramethylrhodamine-5-maleimide (TMRM, Sigma)], was used (12, 13) . When Cys residues are accessible and free to react, TMRM covalently modifies the Cys, which is visualized by electrophoresis of the labeled samples using sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS/PAGE). However, if the MTS-galactoside is covalently bound, the Cys is no longer free to react with TMRM and no fluorescence signal is observed. One microliter of purified sample containing 10 mg∕mL unlabeled single-Cys122 LacY or sample inactivated with MTS-gal were incubated for 15 min at room temperature with 1 mM TMRM in 20 mM Hepes ðpH 7.0Þ∕ 100 mM NaCl/0.017% DDM. The reaction was stopped by addition of 3 μl of 5 × loading buffer and immediately loaded on a 12% SDS/PAGE. After electrophoresis, a UV fluorescence image of the gel was taken followed by Coomassie staining to reveal the quantity of protein in each band. The complete absence of fluorescence in the band representing MTS-gal treated single-Cys122 LacY (Fig. 1B) shows that 100% of the C122 is covalently linked to MTS-gal.
Structure Overview. We solved the crystal structure of singlecys122 LacY in complex with MTS-gal by molecular replacement ( Table 2 , Fig. 2A ). The structure exhibits an overall architecture similar to those previously reported (rmsd ¼ 1.0 Å∕329 Cα) (5-7). Thus, further structural comparison will be done solely on the structure in complex with the substrate analog TDG [PDB ID code 1PV7; (5)].
Despite global superposition, distinct structural differences become apparent when the two six-α-helix bundles are independently aligned. Independent superimpositions of either the N-or C-terminal bundles are in good agreement (Table 1) , but the alternate bundle is moderately displaced causing slight narrowing of the cavity (Fig. 2B) . Furthermore, the individual helices are virtually identical between all reported structures (Table 1) suggesting that this conformational change is due to a rigid body movement between the N-and/or C-terminal bundles.
A Single-Cys Mutant Has the Same Fold as the Wild-Type Protein. LacY was likely the first protein in which as many as eight native Cys residues were replaced, and the mutant retained highly significant transport activity (14) . This development led to the expanded use of Cys-scanning methodologies to reveal side chains involved in substrate or H þ binding or transport, helix proximities, and introduction of biophysical probes to obtain dynamic information. This technology is now widely used (8, 9, 15) for investigating transport mechanisms in membrane transporters and channels. However, reduced activity and/or decreased stability are sometimes observed in Cys-less constructs, raising questions about their architecture. Herein the structure of a single-Cys LacY is (Fig. 1C) . In the absence of Δμ H þ , [ 3 H]MTS-gal is taken up at a slow rate, and only a small amount is accumulated in 5 min. However, in the presence of ascorbate and phenazine methosulfate, which generate a large Δμ H þ (inside negative at pH 7.5), [ 3 H]MTS-gal is rapidly transported to a relatively high steady-state level.
MTS-gal Binding Site. The galactopyranosyl moiety was placed in a large electron density peak near the middle of the protein toward the wall of the cavity (Fig. 2C, green mesh) . Notably, the linker joining C122 to the sugar moiety is long and flexible, so multiple positions of the galactopyranosyl moiety can be accommodated in the cavity. Yet only one distinct electron density peak is observed, indicating a single preferred position for the galactopyranosyl moiety. In the 2mFo-DFc maps-at low sigma levels (0.8σ)-a continuum of density between C122 and the MTS-gal linker is observed. The sulfur of C122 is clearly visible, but the dislufide connection to the MTS linker is absent. The reason for this is unclear, but it may be due to intrinsic flexibility of the linker, X-ray induced deterioration of the disulfide bridge (16) or low data completeness in the high-resolution shells (Table 1) . It is noteworthy that the β2-adrenerigic receptor, solved in complex with a disulfide-coupled ligand (17) , also lacked density for the disulfide connection.
Placement of the galactopyranosyl moiety was assisted by a number of observations: (i) The overall shape of the electron density peak imposes parallel stacking with the indole ring of W151, which is a common sugar-binding motif (18, 19) . (ii) The hydroxyls of the sugar are usually observed facing toward opposite sides of the Trp ring (18, 19) . (iii) The galactopyranosyl moiety is positioned to coordinate the C-4 and C-6 OH to E269, a residue involved in sugar recognition and specificity (4) . As a result, the galactopyranosyl ring is sandwiched between W151 and R144, and R144 is further held in position by interacting with E126 (Fig. 3A) . Further confirmation of the presence and positioning of the ligand was given by a Fo-Fo difference map between the current Holo structure and a previously published Apo-LacY structure (PDB ID code 2V8N; Fig. S1 ). The map clearly shows a 5.4σ peak at the position where we modeled the galactose moiety of the affinity inactivator.
Alternate Positioning of Galactopyranosyl in the Substrate-Binding Site. The initial structures of LacY were obtained in absence and presence (cocrystallization) of TDG, a high affinity substrate analogue (5) . TDG was modeled in the middle of the cavity with the C-3 and C-4 hydroxyls of the galactopyranosyl moiety-the two most important hydroxyl groups for sugar recognitioncoordinated to Arg144. The C-4′ hydroxyl, from the second ring of the substrate, is H-bonded to K358. Residue E269 has a salt bridge with R144. The new structure has a different conformation in which the galactopyranosyl moiety is shifted closer to R144 thereby utilizing the guanidinium group for stacking rather than direct coordination (Fig. 3B) . Moreover, E269 now directly coordinates the galactopyranosyl ring and a different type of stacking between the galactopyranosyl ring and W151 is observed. The new structure forms a parallel arrangement with the Trp ring, instead of the previously observed perpendicular stacking; both modes have been observed previously (18) .
Discussion
The crystal structure of the single-Cys122 mutant in complex with bound MTS-gal provides insight into selective inactivation of LacY by this high affinity suicide substrate. Reduced activity and decreased stability in many single-Cys mutant constructs of LacY have been observed that have been attributed to the multi- ple mutations required to generate these mutants. The present structure represents the first structure of an engineered singleCys LacY and reveals a fold and structural characteristics that are similar to the wild type and the C154G mutant. It is likely that other single-Cys LacY mutants that exhibit transport activity and/or ligand binding have a similar fold. The single-Cys122 mutant in complex with MTS-gal is in an inward-facing conformation that deviates slightly from the other reported structures (5). The minor reduction of the intracellular cavity is due to small rigid body movement of the N-and C-terminal helix bundles. Numerous studies have shown LacY to be a very dynamic protein (6, 20, 21) . Therefore, it is likely that this small variation in the inward-facing conformation represents one of multiple positions adopted by the protein.
Previous visualization of the substrate-binding site demonstrates a primary interaction between the irreplaceable residue R144 and the O 3 and O 4 atoms of the galactopyranosyl ring via a bidentate H-bond (5), as suggested by the biochemical findings (4). The irreplaceable residue E126 is in proximity of R144 and may interact with the O 4 , O 5 , or O 6 atoms of the galactopyranosyl ring via water molecules. A direct interaction between R144 and E126 is not observed in the ligand-bound structure, consistent with the idea that the salt bridge is absent in the presence of ligand (22, 23) . A hydrophobic interaction between the bottom of the galactopyranosyl ring and the indole ring of Trp151 is observed and supported by phosphorescence studies (24) . The binding-site in the N-terminal domain is very similar to those of many other galactoside and sugar-binding proteins (25, 26) . E269 in helix VIII in the C-terminal domain appears to form a salt bridge with R144 and is in close proximity to W151. Fluorescence studies are consistent with the presence of an H-bond between the carboxyl group at position 269 and the indole N of W151 in the absence of ligand (24) . Thus, it is likely that contacts between E269 in the C-terminal domain and R144 and W151 in the Nterminal domain may be key to providing the important energetic link between the two helical bundles, as proposed previously (5) .
Fewer interactions are observed with the sugar and residues in the C-terminal domain. Helices VII (D237) and XI (K358), which are symmetrically related to the helices I and V, respectively, may also be involved in TDG binding. However, these residues likely play only a supporting role relative to the N-terminal primary binding site by providing additional affinity for disaccharide substrates. This explains why the monosaccharide galactose has poor affinity for LacY but behaves like any other substrate with respect to transport and protection of C148 against alkylation (27) . It is critical to understand that galactose is the most specific substrate for LacY but has very low affinity, which is increased markedly by various adducts at the anomeric carbon, particularly if they are in the α-D-configuration and hydrophobic (27) .
The position occupied by the galactose moiety of the affinity inactivator is distinct from the one previously observed in the structure in complex with TDG. The two structures display an inward-facing conformation, but the galactose moiety now forms a parallel stacking with the galactopyranosyl ring and the indole ring of W151, which is supported by phosphorescence studies (24) . This interaction likely orients the sugar to form H-bonds (28) . R144 no longer coordinates the O 3 and O 4 atoms of the galactopyranosyl ring but is stabilized by interacting with E126.
The essential residue E269 is critical for both sugar recognition and H þ translocation and no longer forms a salt bridge with R144 and is now positioned to coordinate the O 4 and O 6 atoms of the galactopyranosyl ring. The C 4 OH is unequivocally the most important determinant for specificity (27) and this new arrangement provides a direct means for identification. The sugar coordination for MTS-Gal prevents its direct release toward the cytoplasm; thus, for the substrate to be transported, the Arg, Trp, or the substrate must be displaced. The differences in sugar position between the two structures may then represent two locations occupied by the substrate during sugar exit from the binding site.
Whether interaction of MTS-gal represents a physiological structure or not is a relevant question. Because a molecular dynamics study (29) suggests that substrates of LacY may interact with a variety of side chains once they are bound, it is possible that the MTS-gal crystal structure results from an interaction that occurs as the sugar is either entering or leaving the binding site, for example. Although this structure represents end-state inactivation by MTS-gal, the position occupied by the galactose moiety is in good agreement with multiple lines of biochemical evidence. would prevent the positioning of the galactose moiety in the present location due to steric hindrance. Second, alkylation of C122 with NEM or mutants A122F and A122Y prevents disaccharide binding, but binding and transport of galactose are left intact (10) . The MTS-gal position is compatible with galactose binding even with modifications of residue 122. Third, all the residues identified biochemically to be essential for sugar binding and specificity are involved in the MTS-gal binding, and the sugar coordination pattern is a common sugar-binding motif (18, 19) . This wealth of biochemical evidence converges to indicate that the galactose moiety likely resides in a position similar to that occupied by the natural substrate, lactose, during the transport cycle. This structure, together with previous biochemical evidence (11) supports the usefulness of single-Cys technology combined with affinity labeling to identify substrate-binding sites.
Materials and Methods
Expression and Purification. The lacY gene encoding A122C LacY (10) was subcloned into a pET28 vector (Qiagen) with a 6-His tag at the C terminus. Native Cys residues were replaced as follows: C117S, C148A, C154V, C176S, C234S, C333S, C353A, C355A (11) . E. coli C43 (DE3) cells transformed with the plasmid were grown in Terrific Broth at 37°C and induced at an OD 600 of 1.8 with 0.3 mM isopropyl-1-thio-β-D-galactopyranoside for 4 h at 37°C. Cells were harvested by centrifugation 15 min at 5;000 g , resuspended in 5 mL∕g of cell pellets (wet weight) in buffer A [50 mM NaP i ðpH 7.5Þ∕500 mM NaCl∕5 mM imidazole/5% glycerol], and broken using an Emulsiflex C3 (Avestin). Cell debris were removed (15 min at 10;000 g ), and membranes were harvested by centrifugation (75 min at 300;000 g ) and kept at −20°C. Membranes were solubilized in 2% n-dodecyl-β-D-maltopyranoside (DDM; Anatrace) for 1 h at 4°C, debris were removed by centrifugation (40 min at 50;000 g ), and the supernatant was applied to a hand-packed Talon cobalt affinity column (Clonetech). Unbound single-Cys122 LacY and nonspecifically bound material were removed by extensive washing with buffer A containing 0.017% DDM and 8% buffer B [buffer A with 0.017% DDM and 200 mM imidazole]. Purified LacY was eluted with 100% buffer B, immediately inactivated with MTS-gal (see below) and the buffer exchanged (three times) with a 50 kDa cut off concentrator (Amicon) against 20 mM Hepes ðpH 7.0Þ∕100 mM NaCl/ 0.017% DDM. Prior to crystallization, the sample was concentrated to approximately 15 mg∕mL.
Inactivation by MTS-gal. MTS-gal was synthesized as described (11) and kept at −80°C in 100% DMSO. Single-Cys122 LacY eluted from the affinity column was incubated for 30 mins at 4°C with a 2∶1 molar ratio of titrated MTS-gal: LacY (2 MTS equivalents/Cys). No aggregation was observed upon labeling.
Crystallization. The sample was ultracentrifuged for 30 min at 400;000 g , and the carefully aspirated supernatant was used for crystallization trials. Crystals were grown at 20°C by the hanging-drop vapor diffusion method using a Mosquito nanoliter dispensing robot (TTP; Labtech) where protein at 10 mg∕mL was mixed with reservoir solution in a 1∶1 ratio. Crystal optimization was accomplished by cumulative additive (Hampton research) and detergent screening (Anatrace) with the best diffracting crystals obtained in a reservoir solution composed of 0.1 M MES ðpH 6.0Þ∕0.3 M BaCl 2 ∕33-37% PEG 400 with either Anapoe C 10 E 6 , n-nonyl-β-D-maltopyranoside or n-octyl-β-D-galactopyranoside as additives used at the critical micelle concentration.
Data Collection, Processing, Structure Determination, and Refinement. SingleCys122 LacY crystals display a high degree of anisotropy, which required extensive screening and precise data collection. The crystals were sensitive to radiation damage, requiring merging of data from multiple crystals to achieve high data completeness. Images were processed using Denzo and the data was scaled using Scalepack (31) . The high degree of anisotropy in the X-ray diffraction pattern caused the program Scalepack to fail in scaling reflections beyond 5 Å. To circumvent this issue, we edited the reflections integrated by Denzo by removing intensity measurements from regions of the reciprocal lattice that were outside an ellipsoid described by three principle axis (aÃ ¼ 1∕4.0 Å, bÃ ¼ 1∕3.8 Å, cÃ ¼ 1∕3.4 Å). This procedure allowed the identification of three datasets (out of approximately 20) that gave the best merging statistics: two datasets (90 images each) collected at ALS on beamline 5.0.2 and a third dataset (50 images) collected at APS on beamline 24-ID-E ( Table 2 ). The rationale for merging was to minimize R merge statistics while maximizing completeness. Greater than 20% completeness in the highest resolution shell was also made a requirement. Phases were calculated by molecular replacement using the program PHASER (32) where the N-and C-terminal bundles were used independently as search models for the two molecules of the asymmetric unit (PDB ID code 1PV7). The model was manually built in COOT (33), refined using PHENIX (34) and BUSTER (35) employing noncrystallographic symmetry, TLS refinement with one TLS group per chain, and group B factor refinement (two groups per residue). After a few rounds of manual and automated refinement, the data were rescaled on the same three datasets using the full list of integrated intensities, not edited for anisotropy, with spherical resolution shells to 3.4-Å resolution, which yielded better refinement statistics and clearer features in the electron density maps. To avoid model bias, the MTS-gal was included only at the end of the refinement, in a 4.7σ electron density peak in the middle of the cavity close to C122. Electron density for the linker between C122 and the galactosyl moiety of the inhibitor was observed only at low sigmas levels in density-modified maps, indicating a degree of flexibility from the linker (Fig. S1 shows a Fo-Fo difference map of the sugar-binding site). Final positioning of the galactopyranosyl moiety was performed using several pieces of evidence: (i) the shape of the electron density provides a parallel stacking on W151 ring, which is a common sugar-binding motif (18, 19) ; (ii) the stacking is always observed with the hydroxyls facing toward the opposite side of the tryptophan ring (18, 19) ; and (iii) this positioning allows coordination of C-4 OH to E269, a residue involved in sugar recognition and specificity (4). A significant peak in the 2mFo-DFc density was observed on the cytoplasmic side near E130 and N204 and could not be attributed to the protein. Scaling the data for anomalous signal (λ of data collection ¼ 1 Å for ALS and 0.97 Å for APS) revealed a peak in the anomalous difference map, leading to the modeling of Barium ions originating from the crystallization solutions (Fig. S1 ), and that shows anomalous scattering at the experimental wavelengths. Figures were created using Pymol (36) . The nonedited data was deposited in the Protein Data Bank (PDB ID code 2Y5Y).
Preparation of Right-Side-Out (RSO) Membrane Vesicles. RSO membrane vesicles were prepared from E. coli T184 strain with pT7-5/Cys-less LacY by osmotic lysis as described (37, 38) , resuspended in 100 mM KP i ðpH 7.5Þ∕10 mM MgSO 4 at a protein concentration of about 10-15 mg∕mL, frozen in liquid N 2 , and stored at −80°C until use. 
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